Introduction
It has been well documented in recent decades that the self-assembly of amphiphilic block copolymers can form a range of different nanostructures such as spherical micelles, vesicles and cylinders. [1] [2] [3] [4] Even though self-assembly is influenced by a number of factors, 5, 6 a suitable hydrophilic-hydrophobic balance in the amphiphilic polymer is required to form higher order structures and the morphology afforded depends on this ratio which is classically described as the dimensionless 'packing parameter', p. 7 Overall the factors which control the morphology of the resultant nanostructure include the chemical structure of the copolymer, the hydrophobic fraction, copolymer concentration in solution and the solvent properties. The hydrophobic fraction in the polymer is proposed to be perhaps the important parameter in the self-assembly process. As a general rule, copolymers with < 50 vol.% hydrophobic block usually form micelles; copolymers with 50 ~ 66 vol.% hydrophobic block usually favor vesicle formation; those with more than 25 vol. % of hydrophobic proportion may form vesicles, inverted micro structures, other complex structures, and finally macroscopic precipitates. That is to say, polymers with a low hydrophobic content favor spherical micelle structures in polar solvents where the hydrophobic portion stays inside as a core and the hydrophilic corona is expressed from the core to stabilize the colloidal structure. An increase in the relative hydrophobicity usually leads to the formation of nanostructure morphologies such as polymer vesicles which have a hydrophobic membrane and the hydrophilic coronas are expressed inwards and outwards to form a hollow bilayer type structure. The preparation of vesicles is an area of great interest as they are proposed to be suitable as synthetic models of living cells or for the simultaneous encapsulation of hydrophobic molecules such as drugs in their membrane and hydrophilic species in the inner water pool cavity.
Recently, a number of reports have utilized homopolymers for the formation of vesicles using conventional self-assembly approaches. For example, Cha et al. reported that positively charged poly(L-lysine) polyelectrolytes could interact with negatively charged semiconductor nanocrystals to cooperatively self-assembly into vesicles in water with quantum dots in the vesicle membrane. 8 It should be noted that in these cases, the poly(L-lysine) homopolymer itself does not form vesicles in water. In addition, Thayumanavan et al. have reported that one amphiphilic polyacrylamide homopolymer (Mn ca. 10 kDa) whose repeating unit consisted of a grafted relatively long hydrophobic chain (8 carbon atoms) and a short hydrophilic head group (one carboxylic acid group) can form vesicles in water whereas homopolymers with a shorter or longer hydrophobic chain in the repeating unit form spherical micelles. 9 Additionally, hydrophilically modified comb-like polybutadienes with a hydrophilic fraction of 0.11-0.55 have also been explored for the synthesis of vesicle-type structures. All these previous examples of homopolymers self-assembly have a hydrophobicity fraction which predicts vesicle formation, regardless of whether the hydrophobicity originates from the Submitted to -4 -polymer backbone or side chains. However in recent years there has been increasing interest in using competing mechanisms for the self assembly of well-defined aggregates such as cylinders and vesicles. These include the exploration of using crystallization driven self assembly, 10 electrostatic interactions, 11 architecturally complex polymers 12 or mid block interactions{Kim, 2009 #20} for the well-defined assembly of polymers into morphologies not predicted based on packing parameter considerations.
In this work, we were interested in exploring the effect of end groups on the self-assembly of hydrophilic block copolymers. It is well-known that the introduction of hydrophobic end groups in thermally responsive polymers such as NIPAM has an effect on the LCST behavior 13 but the effect of polymer end group on self assembly has been less well-established.
In particular given the recent advances in controlled radical polymerization (CRP) techniques the ability to tune and tailor the end group has now been fully realized. This is especially true for polymers prepared by reversible addition-fragmentation chain transfer polymerization (RAFT) [14] [15] [16] in which both and  chain end functionality can be incorporated into the chain transfer agent or post-polymerization using established end group modification methods. 17, 18 The effect of RAFT end group on the self-assembly has seldom been considered in the past due to the very small weight fraction compared to the polymer chain. A very recent paper by Davies and Lowe, highlights the influence of end group interactions on the self assembly of hydrophilic polymers. 19 Given that a commonly utilized chain transfer agent is S'-1-dodecyl-(S')-(α,α'-dimethyl-α''-acetic acid) trithiocarbonate (DDMAT) which contains a dodecyl chain as part of the Z group we propose the choice of RAFT group will affect the self assembly of the resultant polymer.
In this work we report well-defined vesicle formation from the self-assembly of a highly hydrophilic and charged homopolymer in acidic water with hydrophobic fractions (which originate from the end group functionality) as low as 2 wt%. Our findings lead us to propose that vesicle formation from highly hydrophilic and charged homopolymers does not obey the traditional rules of polymer self-assembly and instead a focus on the subtle effects of polymer end groups should be considered rather than just considerations of the hydrophilic fraction.
These results are important as many biological molecules such as polypeptides, proteins and DNA are polyelectrolytes and are charged when dissociated in water and hence understanding the driving forces and influences on self assembly are very important in these systems.
Furthermore, charged molecular chains, commonly present in soft matter systems, play a fundamental role in determining structure, stability and the interactions of various molecular assemblies. A new understanding of their assembly processes is proposed to be of particular interest to scientists in many fields such as polymer science, colloidal and material science and even bioengineering.
Results and Discussion

Design and Synthesis of Highly Hydrophilic Homopolymers
Following on from some initial work in the area of diblock copolymer self-assembly we found that the nature of the hydrophobic end groups in these polymers are key in determining the resultant self-assembly behavior. 20 To explore this effect in polyelectrolyte homopolymers a range of PDEA homopolymers with different end groups were designed and synthesized by RAFT, as shown in Scheme 1. All these homopolymers were protonated by HCl aqueous solution during the purification process to afford homopolymer polyelectrolytes.
Scheme 1.
Polymers 1-3 in Figure 1 were synthesized by the RAFT polymerization of DEA with carefully chosen α and ω terminal hydrophobic groups introduced by choice of chain transfer agent which were all based around the commonly used DDMAT structure. Specifically the effect of the long dodecyl chain which is often employed as a Z group in trithiocarbonates was explored as the effect of different hydrophobic R groups. Polymers 4 and 5 were synthesized by atom transfer radical polymerization (ATRP) with only one terminal hydrophobic end group. Polymer 1 has a hydrophobic, fluorescent pyrene group (Py) at the α position and a hydrophobic dodecyl (D) group at ω position. In polymer 2 the pyrene group was replaced by -C(CH 3 ) 2 COOH (C), which was hydrophilic above neutral pH whereas hydrophobic at low pH. Then in polymer 3 the C group was replaced by an ethyl ester functionality -C(CH 3 ) 2 COO-CH 2 CH 3 (E) which is permanently hydrophobic and not pH sensitive. Polymers 4 and 5 only have a single hydrophobic group either Py or E, respectively as their chain end and were used as control systems. Table S1 in the supporting information reports the molecular weights and molecular weight distributions of the deprotonated PDEA homopolymers (1-5). A non-charged polymer, poly(N-isopropylacrylamide) (PNIPAM) was also synthesized with a Py and a D group (6) or with a C and D group (7) as additional controls. Given the difficulty in determining the molecular weight by GPC analysis the molecular weight of the polymers were calculated by comparing the integrated areas of pyrene end groups (peak j) and PDEA side chains such as peaks b and c in a good solvent for all segments of the polymer chain (see Figure 2 ). The molecular weight and molecular weight distribution, as well as the weight fraction of the end group in the whole polymer are summarized in the Supporting Information (SI) Table S1 . The weight percentage of the end groups in the homopolymer are all very low, ranging between 1-4% except for polymer 1.1 which has a higher weight percentage of 10.2%. 
Self-Assembly of Homopolymers.
The self-assembly of the homopolymer was easily performed by dissolving the homopolymer in acidic water at pH 2 at ca. 5 mg/mL. The self assembly of the polymers 1-5 was initially studied by analysis of the 1 H NMR spectra. In the case of homopolymers with hydrophobic Figure 2 . The close proximity of the two hydrophobic end groups in aqueous solution was confirmed through identification of a cross peak in the 2D-NOESY NMR spectra ( Figure S1 ). This suggests that for the homopolymers with dual hydrophobic groups self assembly into higher order structures may be occurring in water whereas the homopolymers with a signal hydrophobic end group show no evidence of assembly under these conditions. decrease with the increase of PDEA chain length, which suggests a decrease in particle size.
Comparing the vesicle solutions of Py-PDEA 76 -D (1.2) and C-PDEA76-D (2), the vesicle solution with pyrene end group is more turbid than that with isobutyric acid groups, as a result of the higher hydrophobicity (rather than hydrophobic fraction) of pyrene compared to isobutyric acid group. The solution color of E-PDEA 74 -D (3) (not shown) is a slightly more turbid than that of 2 but less turbid then 1.2 indicating that they are immediate in size at the same concentration. This is consistent with the proposed order of hydrophobicity of the end group: C < E < Py, in which the most hydrophobic end group affords the largest particles. As a control, homopolymers 4 and 5 which both only have a single hydrophobic end group were compared to the above results and it is clear that these solutions are similar to that of pure water, indicating that no aggregates were detected. This further indicates that dual hydrophobic end groups are required to affect the self-assembly of this charged hydrophilic homopolymer. 
Dynamic Light Scattering (DLS) Studies of Self-Assemblies
DLS studies confirmed the above empirical observations and indicated the formation of regular structures upon the self-assembly of the homopolymers with two hydrophobic end groups (1-3) whereas no regular self-assemblies were found for homopolymers containing only one hydrophobic end group (4 and 5) ( Table 1) . DLS is a technique used to determine particle size by examining the diffusion rates (i.e. Brownian motion) of suspended particles.
The rate of signal change depends on the rate of change of the particles position, with large (hence slow moving) particles leading to slow fluctuations and small (hence fast moving) particles leading to fast fluctuations. As shown in Figure S1 , the correlation functions revealed that when the concentration of polymer 1.2 is 0.1 mg/mL, the measured correlation function is too poor for Cumulant analysis yet improves upon increasing the polymer concentration. The correlation curve at 0.1 mg/mL decays to baseline within 500 µs, indicating the smaller and hence faster diffusing free polymer chains or ill-defined loose aggregates. However, the larger and slower diffusing particles prepared at higher polymer concentration (>1.0 mg/mL) requires nearly 2000 µs before correlation in the signal is lost.
The data quality from polymers 4 and 5 even at higher concentration (20 mg/mL) were still too poor to fit a Cumulant analysis, which means no self-assembly was observed for the homopolymers with only a single end group.
Table 1.
The correlation curve is a result of all the information regarding the diffusion of particles In addition, the nature of the hydrophobic end group was found to affect the final morphology and particle size cf. the difference in size observed for 1.2 versus 2 and 3 which have very similar nanostructures sizes. The distribution of nanostructures for 2 is surprisingly high compared to the other assembly forming systems, which will be discussed later.
TEM Analysis
To further examine the structure of the assemblies formed from polymers 1-3, traditional TEM without or with a range of stains and techniques, as well as cryo-TEM were used to image the particles formed from these homopolymers. 
Effect of Homopolymer Concentration
The PDEA homopolymers were dissolved in water at pH 2 at a range of concentrations from 0.1 to 10 mg/mL. As shown in Figure 5 , for homopolymer 1.2 (Py-PDEA 76 -D), DLS studies revealed that large nanostructures > 100 nm formed when the polymer concentration was higher than 1.0 mg/mL, which alongside the TEM analysis was attributed to the formation of vesicles. The correlation functions of polymer vesicles are well fitted by Cumulants method and the size averaged by intensity, volume and number are reasonably consistent (see Figure   S2 and Table S2 ). Polymer vesicles prepared at 10.0, 5.0 and 1.0 mg/mL were well-defined and the vesicle size decreases steadily with a decrease of polymer concentration from 189 to 94 nm. When the concentration was 0.5 mg/mL, the majority of the assemblies are proposed to be polymer micelles of ca. 30 nm (Figure 5 ), suggesting the transition polymer concentration from vesicles to micelles upon dilution of the sample. However, in the intensity-averaged plot (see Figure S3) , the there appears to be a mixture of structures, indicating a larger structures are also present in the sample.
Figure 5.
The micelle solution at 0.5 mg/mL of 1.2 was also examined by cryo-TEM analysis. As shown in Figure 6 , the spherical shape is clear and the overall diameter is ~35 nm, which is consistent with the DLS results (~31 nm). Further decreasing in the polymer concentration to 0.1 mg/mL affords ill-defined assemblies by DLS (intensity averaged) and indicates that this may be below or close to the critical micelle concentration (cmc) of the homopolymers. This was confirmed by determining the cmc of the homopolymers using PNA as a probe ( Figure   S4 ). Homopolymers 2 (C-PDEA 76 -D) and 3 (E-PDEA 74 -D) demonstrated similar selfassembly behavior to polymer 1.2 upon changing the polymer concentration, with a decrease in nanostructure size with decreasing concentration (Figures S5 and S6) . A summary of the DLS studies of polymers 1.2, 2 and 3 are shown in Figure 7 (see also Table S2 ). These observations can be related to the cmc of the polymers and indicates that for the polymer with the most hydrophobic end -group (1.2) has the lowest cmc and compared to polymers 2 and 3. Indeed polymer 2 which contains the hydrophobic carboxylic acid end group displays a rather high cmc in the region of 1 mg/mL compared to the other polymers studied in this work. 
Static Light Scattering (SLS) Characterization
The radius of gyration, R g , is defined as the mass weighted average distance from the centre of mass to each mass element, which was measured by monitoring the angular dependence of the sample scattering intensity in SLS. Whereas the hydrodynamic radius, R h , is the representative of the size of a hard sphere that diffuses at the same rate as the particle being measured, which is measured by DLS. It is well known that the structure of the selfassemblies can be roughly estimated by R g /R h ratio. For hard spheres, the theoretical value is 0.77; for vesicles, the value is 1.0; for cylinders, the value is ca. 2. Hence to confirm a vesicular morphology for the nanostructures formed from polymer 1.2 we performed SLS measurements at a range of concentrations and angles. Given the concentration size dependence observed for these samples often a narrow window of concentrations was required to ensure reproducible and meaningful results. The data was analysed using a Zimm plot and the resultant R g /R h value was calculated to be 0.99, which is very close to the theoretical value of 1.0 for vesicles. This was repeated for polymers 2 and 3, and the calculated the R g /R h values were 1.16 and 1.12 respectively which are close to 1.0 and thus suggested a vesicular morphology ( Figure S7 ). We proposed based on the DLS, SLS, TEM and NMR data that the homopolymer vesicle has a positively charged folded coronas with hydrophobic end groups forming the vesicle membrane.
Effect of The Polymer Type
The effect of the nature of the polymer chain on the self-assembly was also studied.
Thermoresponsive poly(N-isopropylacrylamide) (PNIPAM) homopolymers with different end groups, Py-PNIPAM 72 -D (6) and C-PNIPAM 115 -D (7) were synthesized by RAFT and their self-assemblies at 25 o C (Table S1 ) and different concentrations were investigated by DLS analysis. At 25 o C the PNIPAM homopolymer is highly hydrophilic and can be dissolved in water directly ( Figure S9 ). Upon dissolution the Z-averaged diameter of particles from polymer 6 at ~ pH 6 was ~200 nm by DLS at 5.0 mg/ml with a PDI of 0.101 ( Figure S10 ).
The particles were furthered characterized by TEM and a vesicle structure was confirmed ( Figure 8 ). Polymer 7 was also dissolved in water at pH 6 at 5.0 mg/mL however no ordered self-assembly was found at this pH due to the singly hydrophobic end group at this pH.
However upon decreasing the solution pH to 2 relatively small particles (41 nm, PDI 0.349)
were observed, which were considered to be polymer micelles ( Figure S11 ). This confirms that the hydrophobic dual end groups are very important for the vesicle and micelle formation.
With Py and D end groups, both PDEA and PNIPAM homopolymers can self-assemble into vesicles. However, with C and D end groups, PDEA homopolymers form vesicles whereas PNIPAM homopolymers only form micelles, rather than vesicles. This may in part be due to the polyelectrolyte nature of the PDEA which prevents the formation of curvature structures in favor of bilayers. This means that the polymer chains itself may affect the self-assembly besides the end groups. 
Conclusions
In summary, a new class of polyamine homopolymers was synthesized by RAFT and ATRP.
Those highly hydrophilic homopolymers (upon protonation) with two small hydrophobic end groups in both head and tail positions can be directly dissolved in acidic water to form polymer vesicles, which was confirmed by 1 H NMR, DLS, SLS and TEM studies. The homopolymers only with single small hydrophobic end group couldn't self-assemble into regular nanostructure in aqueous solution. The vesicles size decreases with the decrease of the polymer concentration or the hydrophobicity of the end groups. Due to their homopolymer polyelectrolytes nature, they may be applied to the mimic of positively charged DNA selfassembly or used as the gene delivery vehicle or drug container. In addition, highly hydrophilic PNIPAM with two small hydrophobic end groups is confirmed to form vesicles at similar conditions. Compared to traditional self-assembly from block copolymers, the homopolymer is simpler and has many advantages in the synthesis, characterization and application. The versatile available CTAs and monomers make the future of homopolymer synthesis and self-assembly to nanostructures very promising.
Experimental Section
Materials. AIBN (2,2'-Azobis(2-methylpropionitrile)) was recrystallized from a 9:1 mixture of hexanes/acetone and stored in the dark at 4 °C. Diethyl aminomethylate (DEA) was purified via vacuum distillation over CaH 2 and then stored at 4 °C. N-iso-propyl acrylamide (NIPAM) was recrystallized from a 9:1 mixture of hexanes/acetone and stored at 4 °C. Other reagents were purchased from Aldrich and used as received. DDMAT (S'-1-dodecyl-(S')-(α,α'-dimethyl-α''-acetic acid) trithiocarbonate) and ethyl-DDMAT and pyrene-DDMAT were synthesized as reported previously. 20, 21 When used, dry solvents were collected and used directly from an in house drying and degassing solvent tower delivery system. Dialysis tubing was purchased from Medicell International Ltd. with a molecular weight cut-off of 1,000 Da.
Characterization. THF GPC. The molecular weight distributions of the PDEA homopolymers were assessed at 30 °C using a Polymer Laboratories PL-GPC50 Integrated GPC system equipped with a Polymer Laboratories pump, a PLgel 5 µm MIXED-C column (300 × 7.5 mm), a WellChrom K-2301 refractive index detector, a viscometry detector and a PD 2020 light scattering detector. The calibration was carried out using six poly(methyl methacrylate) standards with Mp values ranging from 1,310 to 211,400 Da. The eluent was THF containing 2.0% (v/v) TEA and 0.05% (w/v) BHT and the flow rate was 1.0 mL/min. The data were processed using Cirrus GPC offline GPC/SEC software (version 2.0).
1 H NMR spectra. We recorded the spectra using a Bruker AV 400 (400 MHz) spectrometer at ambient temperature using either TEM. TEM images were obtained using a JEOL electron microscope operating at 200 kV equipped with a LaB6 gun and a Gatan digital camera. To prepare TEM samples, 5 µL of an aqueous vesicle solution was placed on a carbon-coated copper grid for 60s, and the water droplet was removed by a vacuum absorption. 
